Abstract Biogas production can be generated by sludge digestion process in the form of methane which in some plants is collected and used as a source of energy. Sewage which is collected from mixed industrial and domestic population may be contaminated with metals and industrial chemicals. The aim of the present study is to investigate the effect of heavy metals on the biogas production in the anaerobic digestion process for the treatment of sewage sludge. The selected metals are Hg, Cd and Cr III. The toxic effect and the inhibitory impact of the digestion process are among the objective of the study. The fate and toxic effects of heavy metals on the biogas production was determined.
Introduction
Most of the sewage sludge is disposed of by spreading on agricultural land, by tipping on sacrificial land or by dumping at sea. Nevertheless, heavy metals can be found in the sludge or sewage effluent in excessive concentration particularly if it is mixed with industrial effluents [1] . Meanwhile, sludge digestion process generates methane which in some plants is collected and used as a source of energy [2] . Meanwhile, the digested sludge is used for agricultural purposes to enrich the sandy soil with agronomic value and fertile materials [3] [4] [5] .
Anaerobic digestion has been widely used for sludge and wastewater with high concentration of organic load including agro-alimentary industries [6, 7] . After development for many years the process became technically efficient, simple and cost-effective. Therefore, to an increasing extent the anaerobic technology is applied to the treatment of organic industrial wastewater of direct or indirect discharge [8] [9] [10] . The general advantages of the anaerobic technology in comparison with the aerobic processes are: lower energy input, lower waste sludge production, yield of biogas with a calorific value of about 5000-6000 kcal m 3 (6-7 kW/m 3 ) as a valuable energy source, especially for gas power station with heat recovery and no odour nuisance because of a closed reactor system [2, 9] . Increased knowledge in fundamentals of the biochemical processes and its application for the development of new, more efficient reactor types and treatment processes' guarantee a removal efficiency of organic load [7] .
It is a key process to recover energy from organic waste. However, the level of heavy metals should be within the permissible limits, beside it is an important factor to identify the quality of the sludge [7, 11] .
Trace quantities of certain metals such as Ni, Co, Mn and Fe are found to enhance biogas potential in the anaerobic digesters [6, 12] . One method of enhancing biogas potential is the supplementation of anaerobic digester with small amount of trace metals, e.g. Co, Ni and Fe which stimulate bacterial activities [13] . On the contrary, metals such as Cu, As and Pb may induce an inhibitory effect on the performance of the anaerobic digestion process due to their toxic effect to the anaerobic bacteria [14, 15] . Former studies reported that certain heavy metal ions can inactivate enzymes, thus inhibiting the growth of bacteria such as Cu, Pb, Cr VI and Zn consequently inhibiting the anaerobic digester [16, 17] . Therefore, the presence of unwanted heavy metals can jeopardize the digester [16, 17] .
The aim of this study is to investigate the effect of some heavy metals on the anaerobic treatment process for the digestion of sewage sludge. The selected metals are Hg, Cd and Cr III. The level of metals in the digested sludge in the anaerobic reactor is evaluated. The toxic effect and the inhibitory impact of the digestion process are among the objective of the study. The fate and toxicity of heavy metals on the biogas production were also determined.
Materials and methods

The biogas reactor
Four anaerobic pilot plants of 2.5 l volume were installed at the National Research Centre (NRC) (Fig. 1) . The reactors were manufactured and designed in the NRC and were made from transparent PVC. The volume of each reactor is 2.5 l. They were packed by the municipal sludge. Each reactor consisted of activated sludge at 10% by volume. Reactors were kept for 3 months in incubation period to activate the anaerobic bacteria in the system before starting any experimental study.
Source of sludge
The sewage sludge samples were collected from the municipal wastewater at the experimental pilot plant site, National
Research Centre (NRC), Cairo. The sludge was separated by draining the wastewater and then sun dried in the drying beds. The design of this drying bed is illustrated in Fig. 2. 
Description of the drying bed
The drying bed is designed to receive the municipal sludge that is drained from the settling tanks at the experimental pilot plant site, NRC. The bed consists of 10 cm gravel in the bottom and 10 cm of humus or sand (Fig. 2) . The bed is connected at the bottom to the sewerage system. The water content in the sludge was drained by gravity to the bottom of the drying bed and finally to the sewerage system. Eventually the sludge on the top layer of the drying bed became dry as affected by the sun.
Pilot reactor and starting the experiment
Physical and chemical characteristics and the level of metals of the sludge were determined. The pilot plants were operated on a 30 day retention time at 22 ± 1°C. The reactor was started by sealing then purged with nitrogen to hasten the onset of anaerobic conditions. A starter seed for the anaerobic reactor was prepared by allowing the sludge to decompose wider anaerobic digestion for two months. The seed was added to all digesters at 10% by volume. The reactors were thereafter fed with the sewage sludge. The feeding procedure involved withdrawing 100 ml of sludge from the digester and replacing it by an equal volume of feed sludge.
During the first 30 days, the digesters were fed with the same sludge without any metal addition. The physical and chemical characteristics, including the pH, volatile organic matter, volatile acids, ammonia, gas production rate and gas composition (percent methane) were determined during the experimental process according to the APHA, 2005. Background metal concentrations were determined for both the digested and feed sludge. Methane analyses were carried out with a gas chromatographic (Varian 2400 GC) using a flame ionization detector. Figure 1 The anaerobic pilot plant digester.
Determination of heavy metals
For the determination of heavy metals, the sludge samples were oven dried at 105°C then acid digested according to the APHA, 2005 [18] . All metal concentrations were detected using Varian atomic absorption spectrometer, model SpectrAA-400. The studied metals were Hg, Cd and Cr III. The result of each sample was an average of 10 sequential readings and the values presented are the average values of all the samples studied. After the establishment of stable baseline parameters, the digesters were fed with a particular heavy metal, in either a stepwise fashion or continuous (pulse-feeding).
For step-feeding, a certain amount of heavy metal was daily added to each feed sludge aliquot, thus the amount of metal in the digester increased in a step-wise fashion. Pulse-feeding consisted of a onetime event in which a certain amount of the selected heavy metal was added to the feed sludge, allowed to equilibrate and then added to the pilot-plant anaerobic digester. The heavy metal dosages used in this study are outlined in Table 2 . The experiments lasted for 300 days. The impact of each dose was examined for at least 30 days. Recovery of the system from the added metals was also tested.
Results and discussion
Operating the digesters without any metal addition
As control, the digesters were filled with a settled excess of activated sewage sludge. The characteristics of the sewage sludge are given in (Table 1 ). The total dry solids and the volatile organic matter (VOM) of this sewage were 53.8 and 35.8 g/kg, respectively.
The natural background concentration of metals in the feed was as follows 0.05, 6.8 and 31.1 mg/kg dry solids for Hg, Cd and Cr, respectively (Table 1) .
After an acclimation period of two weeks, the digesters were fed with sewage sludge. The feeding procedure involved withdrawing of 100 ml sludge aliquot from the digester and was replaced by an equal volume of feed sludge. Stability of the system was monitored through the volume of biogas produced and the methane content. After reaching a steady state, daily analyses were carried out.
Results showed that the biogas production fluctuated between 1195 and 1299 ml/day in the average of 69% methane. The VOM reduction ranged from 34% to 43% with an average Figure 2 Illutration of the sludge drying bed. value of 39%. The average volatile acids and ammonia were 240 and 360 mg/l, respectively.
Effect of stepwise metal feeding individually with increasing doses
The influence of stepwise increasing doses of heavy metals on the performance of the anaerobic digester was studied. At the beginning of each run, a drop in the efficiency of the system, as measured by gas production and VOM removal rates, was recorded. The disruptive period was around 35 days. Afterwards, a steady state was obtained (see Fig. 3 ).
Addition of mercury
During this run, the impact of increasing mercuric chloride dose ranging from 0.025 to 0.125 mg/kg (dry solid) was tracked continuously, Table 2 . Impact of each dose was examined for at least 30 days. Results showed that the stepwise feeding of mercury up to 0.125 mg/kg (dry solids) reduced the VOM removal by 21%. Corresponding biogas reduction was 60%. The quantity of volatile acids and ammonia increased to 695 and 650 mg/I, respectively. The results were statistically recorded, using the least squares approach according to Richards and Lavaca and linear equations were derived as follows:
Biogas produced (ml/day) = 939 À 1.66 T (days) Fig. 3 Methane produced (ml/day) = 642 À 1.2 T (days) Fig. 3 Percentage reduction of VOM = 33 À 0.056 T (days) Fig. 3 
Addition of cadmium
The continuous feeding of the system with cadmium nitrate, from 3.4 up to 17.0 mg/kg (dry solid), reduced the VOM removal by 20% as a result of metal addition. The corresponding biogas reduction was 55%, volatile acids and ammonia Figure 3 Impact of heavy metal on the biogas production and the volatile organic matter reduction in the anaerobic digester via stepwise addition.
showed an increase to 602 and 560 mg/I, respectively, as an indication of decreasing the efficiency of the system. Statistical representation of the data gives the following linear equations:
Biogas produced (ml/day) = 930 À 1.4 T (days) Fig. 3 Methane produced (ml/day) = 613 À 0.9 T (days) Fig. 3 Percentage reduction of VOM = 31 À 0.03 T (days) Fig. 3 
Addition of chromium III
By adding increasing doses of chromium III ranging from 15.5 to 77.5 mg/kg (dry solid), a remarkable reduction in the efficiency of the system was exhibited. When the concentration of chromium in the feed was maximum (77.5 mg/kg), as compared to the control run, the volume of the biogas produced and the VOM removal were reduced by 52% and 50%, respectively. The quantity of volatile acids and ammonia increased to 550 and 509 mg/l, successively. By applying the least square approach, the linear equations, drawn from these results, are as follows:
Biogas produced (ml/day) = 927 À 1.5 T (days) Fig. 3 Methane produced (ml/day) = 625 À 1.3 T (days) Fig. 3 Percentage reduction of VOM = 32 À 0.048 T (days) Fig. 3 The results obtained showed that when heavy metal concentration reached the inhibitory levels in the anaerobic digesters a predictable response was noted. As the more sensitive methanogenic bacteria are affected, volatile acids accumulate and ammonia exhibited a sharp increase. While, both biogas production and percent methane decreased, the pH showed a slight decline.
It is worthy to notice that in all runs, metal concentration reached a steady state after 35 days. Also, it was noted that, by the end of each run, the metal concentration in the effluent escalates as a result of continuous metal addition. Accumulation of heavy metal by the sludge in the digesters is shown in Fig. 4 . The linear equations, drawn from these results, are as follows:
Accumulation of mercury (mg/kg dry solids) = 0.001 T À 0.081 Fig. 4 Accumulation of cadmium (mg/kg dry solids) = 0.001 T À 0.101 Fig. 4 Accumulation of chromium III (mg/kg dry solids) = 0.009 T À 0.193 Fig. 4 
Effect of metal pulse feeding
The effect of heavy metal pulse feeding on the efficiency of the anaerobic digester was studied. For this purpose, the digester was operated until it reached a steady state, after which the heavy metals were added to the system by pulse feeding. Two pulse feedings were examined separately for each metal (Table 2) , the effect of each pulse feeding dose was investigated for 30 days. It is worth noticing that a sharp declination in the biogas production and VOM reduction was recorded in the first two days of declination after the addition of metals. Recovery of the system was observed in 32 days.
Mercury addition
After adding 0.250 and 0.500 mg/kg (dry solids) of mercury, a reduction in the removal of the VOM was recorded. It reached its maximum drop after two days and the system showed a steady recovery after 17 days. By adding 0.250 mg/kg (dry solid) of mercury, the VOM reduction and biogas reduction reached 60 and 83% respectively, within the first subsequent two days. By increasing the addition to 0.500 mg/kg (dry solid) of mercury, the reduction within two days reached 80% for the VOM and 92% for the biogas (Figs. 5 and 6 ). From these results, it is clear that the biogas produced followed the same trend recorded for the removal of VOM (Figs. 5 and 6) .
The linear equations, drawn from these results, are as follows:
By adding 0.250 mg/kg (dry solid) of mercury:
Biogas produced (ml/day) = 276 + 19.25 T (days) Fig. 6 Percentage reduction of VOM = 11.21 + 0.41 T (days) Fig. 5 By adding 0.500 mg/kg (dry solids) of mercury:
Biogas produced (ml/day) = 83.1 + 21.05 T (days) Fig. 6 Percentage reduction of VOM = 2.0 + 0.49 T (days) Fig. 5 
Cadmium addition
Pulse feeding of the system by cadmium nitrate (0.340 mg/kg dry solid) reduced the VOM removal by 51%. The corresponding biogas reduction was 76.8% (Figs. 5 and 6 ). Increasing the pulse dose up to 0.68 mg/kg (dry solid) led to the reduction in Background factor ¼ metal concentration in the feed sludge metal concentration in the digester sludge:
VOM to reach 73.4% and the corresponding biogas reduction to 84.8% (Figs. 5 and 6) .
By adding 0.34 mg/kg (dry solid) of cadmium:
Biogas produced (ml/day) = 251.9 + 31.4 T (days) Fig. 6 Percentage reduction of VOM = 13.2 + 0.84 T (days) Fig. 5 By adding 0.68 mg/kg (dry solids) of cadmium:
Biogas produced (ml/day) = 96.2 + 26.84 T (days) Fig. 6 Percentage reduction of VOM = 3.4 + 0.67 T (days) Fig. 5 
Chromium addition
The addition of chromium (III) pulse doses (1.55 and 3.10 mg/ kg dry solid) caused a remarkable reduction in the efficiency of the system. The volume of the biogas reduction reached 69% and 83%, respectively, compared to the control run (Figs. 5 and 6). The corresponding reduction in VOM reached 40% and 70.5%, respectively (Fig. 6) .
By adding 1.55 mg/kg (dry solid) of chromium (III):
Biogas produced (ml/day) = 314.6 + 27.62 T (days) Fig. 6 Percentage reduction of VOM = 16.26 + 0.71 T (days) Fig .5 By adding 3.10 mg/kg (dry solids) of chromium (III):
Biogas produced (ml/day) = 149.4 + 25.3 T (days) Fig. 5 Percentage reduction of VOM = 10.11 + 0.41 T (days) Fig .6 The overall results of the pulse feeding of metals yield an experimental response that is somewhat similar to the step-feeding, however, the magnitude of the rise in volatile acids and ammonia was generally higher during the post-feeding (first two) days. In such case, the pH remained relatively unaffected. Evidently, when heavy metal concentration was suddenly raised to the inhibitory level, as happens with pulse doses, metal toxic effect on both acid fermentation and methanogenic bacterial forms occurs so rapidly that only a relatively small accumulation of intermediate substrates could be observed. The inhibitory level of a heavy metal can be defined as that induces a radical decrease in the gas production. Toxic limits were taken to be the concentration at which total gas production was reduced by 60% from baseline values. Table 3 gives the inhibitory and toxicity order for the investigated metals, appears to be Hg < Cd < Cr (III). This agrees well with the reported respective toxicity of heavy metals on bacteria [2, 5, 6, 19] .
Conclusion and recommendation
The present investigation reveals that the presence of heavy metals in the anaerobic digester decreased the efficiency of the anaerobic digestion process. A significant decrease in gas production and volatile organic matter removal was determined. Meanwhile, accumulation of organic acid intermediates is obtained as a result of methanogenic bacteria inhibition. Such inhibition depends on the toxicity of the metal. It was seen that the toxicity of the studied metals can be arranged according to the following decreasing order: Hg < Cd < Cr (III). The accumulation of metals is limited during the pulse feed that may be attributed to the rapid poisoning of many active bacteria forms in the digester. Therefore, it is recommended that the presence of toxic heavy metals in organic waste such as Hg, Cd and Cr III should be avoided or controlled in the anaerobic digester for biogas production. Furthermore, the industrial sludge that contains considerable amount of heavy metals should also be avoided for any biogas production through anaerobic digestion. Figure 6 Volume of biogas production as affected by heavy metals via pulse feeding mode.
